/ 



10/521 516 



ll-JRN-2085 12:24 



LORENZ.SEIDLERi UiR. 



+49 89 2S010100 



S. 20/62 



DT@9Rec'd PCT/PTO 



18 JAN 200S 



December 15, 2004 
03021-04 La/dn 



An apparatus and a method for optical spectroscopy and for optical sensory 
technology and use of the apparatus 



The invention relates to apparatus and methods for optical spectroscopy and to 
optical sensors. 

Optical spectrometers can be divided into dispersive or diffractive spectrometers and 
Fourier transform spectrometers. 

Dispersive (prism) spectrometers or diffractive (grating) spectrometers break down 
the incident light beam into its spectral components by the wavelength dependence 
of an angle of deflection or of an angle of reflection. The different spectral 
components are thereby spatially separated and the spectral component to be 
determined can be selected (monochromator). The detection of a spectrum then 
takes place with the help of moving parts in that the different spectral components 
are selected and measured in succession. 

Monchromators are most common with a Czemy-Turner beam path, i.e. with a 
rotatable planar grating (diffraction grating in reflection) between an entry slit and an 
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exit slit and collimator mirrors or collector mirrors independent of one another. The 
collimator and collector effect an imaging of the entry slit in the plane of the exit slit. 
The diffraction grating is located in the Fourier transform plane of this imaging 
system. 

The development of spatially resolving detectors (CCD, diode array) now permits the 
simultaneous measurement of all spectral components in that a separate element of 
the detector is provided for each spectral component. Such an arrangement 
manages without any moving parts and utilizes the available incident light 
substantially more efficiently. 

Fourier transform spectrometers are based on an interferometer in which the 
difference of the optical path lengths of the partial beams brought to interference can 
be set with high precision. The Spectrum can be determined by Fourier 
transformation from a measurement of the interference signal via a suitable range of 
path length differences. 

Instruments are normally set up in the manner of a Michelson interferometer or of a 
Twyman-Green interferometer. The mechanical components for the setting of the 
optical path lengths by moveable mirrors or tiltable mirror pairs and the required 
collimator for the generation of planar wavefronts are above all technically 
demanding here. 

A further variant of spectrometers uses static interference patterns generated by light 
beams which are brought to interference at a specific angle, e.g. Fizeau 
interferometers. The spectrum can be calculated by counting the interference stripes 
or via a determination of the spatial frequencies of the interference pattern with the 
help of a numerical Fourier transformation. 
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ThO fact is disadvantageous for these interferometric spectrometers (both for 
Michelson / Twyman Green interferometers with variable wavelengths and for static 
interferometers with spatial interference patterns) that the relative spectral resolution 
Is determined directly by the number of the line pairs (Fizeau stripes) measured in 
the interference patterns. If N line pairs are counted for a specific wavelength X. the 
spectral resolution lies in the order of magnitude of X/N. 

A more recent variant of Fourier transform spectrometers ("spatial heterodyne 
spectrometers") uses dispersive or diffractive optical elements (diffraction gratings) in 
order to change the angle between two collimated partial beams of a static 
interferometer as a function of the wavelength and so to increase the spectral 
resolution. 

The superposition of planar wavefronts is necessarily required here to obtain Fizeau 
interferograms (Fizeau stripes) which can be broken down into their spectral 
components by a numerical Fourier transformation after the measurement. 

Such arrangements are furthermore ba$ed on the translation invariance of the 
optical Fourier transformation. The incident light is first collimated by a collimator. 
The collimated beam (planar wavefronts) is divided (amplitude division) and guided 
over spectrally dispersive or diffractive elements, e.g. over a diffraction grating. The 
spectrally dispersive optical element lies in the Fourier plane of the collimator in this 
process. The partial beams, which are superposed again, are then imaged through a 
collector and a further Fourier transform lens such that a spatially resolving detector 
again comes to rest in a Fourier transform plane of the entry aperture. 

Such arrangements - like Fourier transform spectrometers or conventional 
monochromators - are therefore dependent on imaging optical systems of high 
quality. Relatively large focal lengths of the optical systems are in particular required. 
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f, e.g. a concave mirror or a lens, The entry aperture of the spectrometer is located 
at the focal point of the collimator. 

The spectrometers now explicitly utilize the special properties of the optical Fourier 
transformation, in particular the translation invariant of the Fourier transformation, 
i.e. the transformation of a translation in the focal plane to a change of the direction 
of propagation in the Fourier plane of the collimator 

Monochromators ("4f system": entry slit - f - collimator - f - diffraction grating - f - 
collector - f - exit slit) influence the propagation direction of the light in the Fourier 
plane of the Imaging system by means Of a diffraction grating and thus generate the 
desired spectral dispersion without essentially disturbing the imaging of the entry slit 
onto the exit slit or detector (with I being defined by the geometry of the grating in the 
beam path, f»l), The collimator carries out an optical Fourier transformation, the 
collector takes over the optical ^transformation and thus effects the optical imaging 
of the entry slit into the plane of the exit slit or of the detector. 

Fourier transform spectrometers (2f system) necessarily require the collimator (as a 
rule with f substantially larger than I) to maintain the interference despite optical 
paths of different lengths, i.e. to superpose the wavefronts suitably at the detector. 
The translation invariance of the Fourier transformation is in particular utilized here, 

With a Fourier transform spectrometer, the numerical Fourier transformation 
replaces the optical retransformation used with the monochromator. 

Fourier transform spectrometers with dispersive elements, which evaluate a spatial 
interference pattern (spatially heterodyne spectrometers) explicitly require the 
collimator In the context of an optical Fourier transformation, on the one hand to 
avoid a blurring of the interference patterns despite a finitely large entry opening 
(translation invariance), on the other hand to establish the defined and unambiguous 
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relationship between the optical spectrum and corresponding spatial frequencies in 
the resulting pattern which forms the basis for the numerical ^transformation. 

These spectrometers moreover require an additional optical imaging system ("6f 
system": entry slit - f - collimator - f - interferometer with diffraction grating - f - 
collector - f - exit diaphragm - f - imaging element - f - detector plane). 

Since both Interferometric arrangements and systems imaging at high resolution 
have to be realized through high-quality optical systems, with large focal lengths as 
required, and since a minimum size of the components or of the path lengths is 
fixedly predetermined by the aforesaid value I - in dependence on the respective 
exact arrangement, the technical effort increases quickly as the demands on the 
spectral resolution grow, A characterizing parameter here is the so-called spectral 
aperture broadening which occurs despite collimation. 

It is the object of the present invention to provide an apparatus and a method for the 
realization of spectrometers with high spectral resolution with simultaneously 
substantially lower demands on the quality of the optical components. 

The object is solved in accordance with the invention by an interferometric apparatus 
in accordance with claim 1 and by the use claims and the method claims. 

The coupling of the incoming light via defined spatial modes or via a mono-mode 
coupling is important for the realization of a cost-effective and spectrally highly 
resolving spectrometer or sensor in accordance with the invention. The aperture 
broadening disappears under these circumstances; the interference pattern in 
particular also remains recognizable without an optical Fourier transformation 
through a collimator and can be evaluated with the help of the methods shown. 
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In combination with dispersive or diffractive optical elements for the wavelength- 
dependent influencing of the wavefronts, such an optical spectrometer permits very 
much more compact and more flexible designs than previous approaches using 
imaging optical elements. 

The illustrated measuring process or the illustrated method for the orthogonalization 
of the measured interference patterns is a requirement for the function of such 
designs since they cannot be evaluated directly with the help of a numerical Fourier 
transformation. 

Preferable embodiments of the invention result from the dependent claims 2 to 34 
following on from the main claim. Uses in accordance with the invention result from 
Claims 35 to 38 and a method in accordance with the invention and preferred method 
variants result from claims 39 to 48. 

The invention comprises an apparatus which combines dispersive or diffractive 
optical elements with an interferometer with the coupling of individual spatial modes 
and with a detector which can measure the intensity of the resulting interference 
pattern at a plurality of spatial positions and a method which permits the spectrum of 
the incident light or direct measured values, which can be derived from such a 
spectrum, to be reconstructed from an interference pattern measured in this manner, 

The apparatus in accordance with the invention is configured such that the 
interference patterns of respectively different spectral components of the spectral 
range to be examined differ strongly from one another. Such an interference pattern 
associated with a specific spectral component is termed a base pattern in the 
following. The patterns can be considered in one dimension or in two dimensions. An 
interference pattern generated by such an apparatus in accordance with the 
Invention is considered as a superposition of a multitude of respectively different 
base patterns. 
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The recording of the interference pattern takes place by the detector by the 
measurement of the intensities at a large number of discrete spatial positions. An 
interference pattern is therefore in each case present in the form of a fixed number of 
(measured) values. Precision and illustratable spatial frequencies follow according to 
the sampling theorem. 

In the method in accordance with the invention, an interference pattern is interpreted 
as a series of (measured) values and so in the context of linear algebra as a vector 
or in particular as an element of a discrete space of the corresponding dimension. 
The base patterns introduced above are initially interpreted a$ linearly independent 
base vectors of this discrete space in the context of linear algebra. 

The method in accordance with the invention is based on the possibility of 
determining the respectively required base patterns either by calculation or by 
measurement for an apparatus in accordance with the invention, In the method in 
accordance with the invention, the spectrum of the incident light can then be gained 
by breaking down the interference pattern into these base patterns. 

The particular advantages of the apparatus and method for the realization of high- 
resolution or very compact optical spectrometers result from the optical mono-mode 
coupling which permits the property of the translation invariance of the optical 
transformation and thus a collimator to be dispensed with. The apparatus can 
therefore be realized fully without the use of imaging optical elements. This becomes 
possible in combination with the described methods which utilize the fact that a 
numerical retransformation of the interference signal for the sought spectrum 
measured at the detector can be found at least approximately for almost any 
sufficiently complicated optical transformations. 
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The second case can be represented by an optical arrangement in accordance with 
the invention with an interferometer based on a scratched piece of broken glass 
(extremely cost-effective). The base vectors can here be assumed to be Statistically 
distributed. 

For the first case, the method represents a correction, i.e. the poor quality of the 
optical transformation can be compensated to a very large extent by an adapted 
retransformation. 

In the second case, the spectrum ie determined by a purely statistical correlation of 
the measured values with the base vectors. In this case, a high number of elements 
of the detector should be assumed. It is in particular favorable to select M to be very 
much larger than N, for instance by using a two-dimensional detector array. The 
base patterns are not linearly independent due to their statistical nature. The 
correlation for large values of N nevertheless shows good results. Very good results 
are achieved for very large values of M, since in this case, i.e. of the statistical 
distribution of N base vectors in an M-dimensional space, the base vectors are at 
least approximately linearly independent. 

In this context, different correlation functions for the method can also be considered, 
in particular stochastic correlations. 

A advanced calculation or refining of the results by deconvolution is particularly 
advantageous, provided that the selected method can be applied to a set of different 
transfer functions. 

In a use of the arrangement in accordance with the invention as a sensor, it can be 
advantageous not to look for the spectrum as the result of the calculations, but rather 
directly for the sought measurand. 
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For a chemosensor, the base vectors are then not determined by measurement of 
spectral components, but by recording spectra of the sought substances. A base 
vector, and thus a component of the result vector, thus does not represent an 
individual spectral component, but rather directly the sought measured value, i.e. 
e.g. the concentration of a specific substance corresponding to an optical absorption 
spectrum. 

The same applies accordingly, for instance, to the measurement of layer thicknesses 
using the characteristic spectral modulation of light transmitted or reflected by thin 
films. 

This adaptive procedure permits the realization of optical sensors for a plurality of 
applications, The evaluation of the measurements by correlation with previously 
recorded base patterns permits the direct determination of the sought values without 
the detour via an analysis of the optical spectrum. 

Provided that the interference patterns, i.e. the base patterns for the spectral 
components in question, are linearly independent within the framework of the 
resolution and precision of the measurement, the respective spectral components of 
the incident light, and thus the spectrum, can be determined by correlation of the 
respective base patterns with the recorded interference patterns. 

Provided that the properties of all components of the apparatus are determined with 
sufficient precision, the required set of base patterns can be calculated. 

The possibility is particularly interesting of measuring a set of base patterns for the 
respective specific design of the apparatus with the help of a suitable adjustable 
monochromatic reference light source. Since the base patterns in this case already 
include all types of optical aberration occurring in the respective apparatus, the 
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be considered - particularly favorably by the restriction to individual spatial modes of 
the light field. 

The required spectral dispersion can be introduced in all cases by a suitable design 
of the beam splitter itself or by additional optical elements. 

The detector - provided with a suitably small diaphragm - can be moved through the 
interference pattern (scanning). It is also possible to record the different 
measurement points successively by moving other components of the apparatus or 
with the help of an additional movable mirror. This method in particular suggests 
itself for extremely high-resolution measurements or in wavelength ranges for which 
no suitable spatially resolving detectors are available. 

In the one-dimensional case, a suitable diode array or a CCD line suggest 
themselves as a spatially resolving detector. 

The use of two-dimensional detectors (CCD or other detectors) is particularly 
interesting, since in this case a substantially broader range for the properties of the 
base functions exists on the increase of the number of measured values and the 
respective correlations can be calculated correspondingly more exactly with "better 
linearly independent functions. 

The Figures show preferred aspects of the invention in respectively different 
combinations of the different claims. 

Figure 1 shows an extremely compact arrangement in accordance with claim 1, with 
the optical components being integrated in a monolithic glass block. The light 
coupling (M) takes place in accordance with claim 6 directly from a mono-mode 
glass fiber into the block so that the field initially develops as a spherical wave. The 
amplitude of the wave in accordance with claim 2 is split by a diffraction structure (G) 
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applied directly onto the glass block into a diffracted component and a reflected 
component which run to a respective one of the mirrors (S1, S2) applied directly to 
the glass block. The diffraction structure acts in this process, in accordance with 
claim 27, both as a beam splitter and as a spectrally highly dispersive optical 
element which changes the wavefront of the diffracted beam in a spectrally 
dependent manner In the further steps, the partial fields are reflected and 
superimposed again. The illustrated arrangement here functions in accordance with 
claims 28 to 30. The resulting field exits the glass block via the free surface. A 
second field consisting of non-used diffracted portions is substantially incident to that 
surface of the glass body via which the coupling of the spherical wave took place. 
This portion should be absorbed by a suitable coating of this surface. 

The detector (D) has a small spatial extent or has a suitable diaphragm and is 
located, in accordance with claim 7, on a movable arm, shown with a center of 
motion (P). The detector is moved through the light field and records its intensity at a 
plurality of spatial positions sequentially. In the arrangement shown, the movement 
of the arm is driven with the help of an eccentric device (X), which is driven by a 
motor (R). 

A set of such measurements, i.e. a set of measured values recorded at defined 
positions, forms a pattern which can be evaluated with the help of the methods in 
accordance with claims 39-48. 

An arrangement in accordance with Figure 2 using a separate beam splitter (S) for 
the division of the amplitude of the waves in accordance with claim 2 and two 
dispersive elements (G1 . G2) in the arms of the interferometer becomes possible by 
a mono-mode coupling (M) in accordance with claim 4, An aperture diaphragm (A) 
as shown is advantageous. Such an arrangement manages without a Fourier 
transform optical system or fully without any imaging optical elements, since the 
translation invariance of the Fourier transformation can be omitted. The evaluation of 
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efRciency back to the moving mirror (S), where a superimposition of the wave fields 
takes place. 

The moving mirror in accordance with claim 8 reflects the resulting field to the 
detector (D), which can record the intensity of the field at a plurality of different 
positions in dependence on the position of the mirror. 

It is favorable, but not absolutely necessary, to provide a phase modulator in 
accordance with claim 14, for instance in the form of the piezo-actuator (P) shown. 

An alternative possibility in accordance with claim 15 for the generation of different 
interference patterns, which can be utilized in the methods shown can be realized in 
such an arrangement simply by a spatial displacement of the coupling device. 

In this case, the pattern to be evaluated by a method in accordance with one of 
claims 39 to 48 is provided by a set of measured values which were measured for 
different positions of the mirror S. 

The performance capability of the apparatus and of the methods described in the 
following can be substantially improved if the relative phase position of the partial 
beams can be suitably influenced. This can take place, for instance, by the use of a 
mirror which is linearly displaceable over a path in the order of magnitude of the 
wavelength and by which the relative phase position of the reflected light can be 
changed with high precision or, e.g. in the case of a design in the manner of a 
shearing interferometer or, e.g. in the case of a grating with a plurality of spatial 
frequency components as beam splitters, by a suitable "lateral" displacement of the 
components. 

The interferometric apparatus shown can furthermore be made or further developed 
such that the differences in the optical path lengths, at which the partial beams are 
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Talbot effect or of the Lau effect, in particular the capability of specific Structures to 
image themselves, can also be utilized in this context. Optionally, different 
interference fields can be generated by a spatial displacement of the coupling or a 
displacement or tilting of the diffuser in accordance with claim 1 5. 

This arrangement i$ expediently operated with a very high number of measurement 
points for the interference field in combination with the statistical methods shown. 

The selectivity of the arrangements can be improved in that parts interact a plurality 
of times with the light fields, in particular when the arrangement permits a plurality of 
reflections or forms a resonator. Figure 5 Shows an arrangement in accordance with 
the invention in accordance with claim 16 having this property. 

A coupling of the light field (M) in accordance with one of the claims 4 to 6 is again 
required to generate recognizable interference fields. A suitable aperture diaphragm 
(A) as shown is advantageous. The resonator is formed in accordance with claim 17 
by the beam splitter (S) and a diffractive element (G) which simultaneously serves as 
a beam splitter itself over different orders of diffraction. The field is coupled via the 
beam splitter (S) into the resonator the resulting interference field in the direction of 
the detector (CCD) is uncoupled via the diffractive element (G). Further partial 
beams reflected a plurality of times likewise contribute to the interference. 

In addition to simple gratings, on the one hand, and complex diffraction structures, 
on the other hand, multiplex gratings (superimposition of a plurality of spatial 
frequencies) or gratings sub-divided a plurality of times, for instance as illustrated in 
Figure 6, are also suitable as a diffractive element. In this example, the beam splitter 
(S) is realized as a semi-transmitting mirror, whereas the diffractive element (G) in 
the form shown is realized by strip-like gratings disposed next to one another with 
different grating constants. The part of the field reflected by the respective gratings 
(0th order of diffraction) exits the resonator, whereas the part of the light field 
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requirement for the adaptation of the wavelength over the angle of incidence that the 
angle at which the partial fields are superimposed in the interferometer, shows a 
suitable dependence on the angle of incidence. This is e.g. the case when the partial 
fields are superimposed in a mirror image, i.e. the partial fields must be guided over 
a number of mirrors different by 1 in each case in an interferometer asymmetric in 
this respect. 



In accordance with a further advantageous aspect of the invention, this situation can 
be achieved by the use of a dledar or retmreflector with symmetrical interferometers. 

Figure 7 shows a particularly advantageous arrangement in accordance with claim 
30. The light field is coupled (M) in accordance with one of the claims 4 to 6 The 
aperture diaphragm (A) bounds the solid angle to avoid scattered light. 

The light field is then incident on a diffracva structure in accordance with Cairn 27 or 
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and the detector (CCD), in accordance with claim 31, an imaging optical element (L) 
and an exit aperture (A2) can be used. The exit aperture restricts the variability of the 
interference patterns, which occur. For the case that the diffractive element is a 
diffraction grating, the exit aperture can also restrict the wavelength range of the 
fields, which reach the detector. 

The correlation required for a measurement of a measured interferometer pattern 
with the interferometer pattern known for a specific spectral component or for a 
group of spectral components can very advantageously take place directly optically 
with the help of a mask and, optionally, suitable phase modulation or another form of 
detuning of the interferometer. 

The interference patterns of a spectral fingerprint with a plurality of spectral 
components can in particular be already contained in a single mask. 

The multiple recording of the interference pattern through the mask positioned in 
front of the detector at different relative phase positions of the partial beams shows a 
strong dependence of the respectively measured integrated total intensity of the 
signal on the relative phase position only for those spectral components of the 
incident light with whose interference patterns the mask correlates. 

A direct optical correlation is much superior to numerical methods under favorable 
circumstances. This form of the arrangement becomes particularly interesting with 
the use of a variable mask, for instance of an LCD screen (spatial light modulator, 
SLM). A variable amplitude mask (SLM) which can show different samples for optical 
correlation can be realized relatively simply since the mask is no longer part of the 
actual interferometer. 



In accordance with a further advantageous aspect of the invention, the change of the 
relative phase position of the interfering part fields and the change of the spatial 
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frequency or spatial frequencies of the generated interference pattern takes place 
jointly by a movement of at least one component of the apparatus. 

It is advantageous to make measurements at different relative phasing* of the partial 
fields. If the optical path lengths of the partial fields are not equal and/or if the tilting 
of the optical elements results in a change of the difference of the optical path 
lengths of the partial fields, the relative phase position of the interference pattern 
also changes on the setting of the wavelength. This effect can be utilized directly for 
the measurement of the different phase positions. This is particulariy advantageous 
for a technical design, since a separate mechanism for the modulation of the phase 
position can then be omitted. 

The rotation of one of the optical elements about a support point P outside the beam 
path simultaneously effects a change of the optical path length and thus a 
modulation of the relative phase position in addition to the change in the angle and 
thus to the setting of the selected wavelength. 



tn accordance with a further advantageous aspect of the invention, the spectrally 
dispersive or diffractive element is a multiplex grating, a multiplex hologram, a 
holographically optical element or a computer-generated hologram (CGH). 

When a two-dim ensionally resolving detector is used, it can be particularly 
advantageous to use spectrally dispersive elements which do not only effect a 
simple deflection of the respective partial beam, The generation of complicated 
interference patterns appears advantageous in particular in connection with the 
correlation methods shown. Such complex patterns optionally show a more sharply 
defined correlation signal than simple stripe patterns. 

When a periodic diffraction grating is used, the positions of equal optical path length 
and thus the maximum amplitude or modulation for the different wavelengths lie (in 
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eontrast to a normal Fourier transform spectrum!) at different positions of the 
detector. This has a fevorable effect on the required dynamic range of the detector 
element. 

For special applications, for instance in chemometrics, the demonstration of a 
substance by the determination of spectral "fingerprints 0 in specific ranges of an 
absorption spectrum, or the simultaneous determination Of Specific Spectral lines, 
Special diffraction gratings can be used - as also in the other arrangements in 
accordance with the invention. In additional to spatially separate or spatially 
superimposed multiple gratings and, optionally, an arrangement having a plurality of 
detectors, holographic elements can also be considered here which can e.g. diffract 
whole groups of different spectral lines at the same angle, This variant can be used 
particularly favorably when a detector is used which uses a mask for the detection of 
patterns (optical correlation method). 
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